Abstract A photorefractive BTO crystal is exposed with cw-laser beams (430 mW/cm 2 at 514 nm), and the photoinduced absorption between 480 and 900 nm is studied. A method of controlling this absorption by low intensity laser radiation of "green" and "red" wavelengths is demonstrated. The physical mechanism can be explained by the redistribution of electrons on the long-lived energy levels into the forbidden band. Dynamical characteristics of the redistribution are estimated.
Introduction
The photo-induced absorption is the change of the absorption of light as the result of irradiation. Any influence of light on the internal structure of the photorefractive crystals, which is connected with the energy redistribution of charge carriers, can change the absorption. The temporal and amplitude behavior of this effect depend strongly on the energy levels and the relaxation characteristics of the materials. Most of the characteristic effects are often disregarded in the quasi-stationary processes because of their short lifetime ∼1-100 ps or weak exposure intensities [1] . Sometimes the induced absorption can have life-times in the order of seconds, minutes, hours, and even days.
All crystals of the sillenite group Bi 12 MO 20 (where M = Si, Ti, Ge) show long-lived induced absorption under external irradiation. This induced response is caused by the redistribution of charge carriers on the traps in the valence band. The structure of the traps depends on impurities. This way impurities have strong influence on the spectrum of the photo-induced absorption, which was shown by Martin et al. and Briat et al. for Bi 12 SiO 20 and Bi 12 GeO 20 [1] [2] [3] [4] [5] [6] [7] [8] [9] since 1991. Moreover, Martin et al. showed that the induced absorption in the pure crystal can be much less than the absorption of doped sillenite crystals and in some cases could be neglected. Martin et al. and Panchenko analyzed also the dependence of the absorption on the temperature for doped and undoped crystals [1] [2] [3] [4] [5] [6] 10] . In 1999, Kobozev et al. investigated the light-induced absorption in Bi 12 TiO 20 (BTO) [11] and tried to describe the effect by three-valence-states impurity-centers in combination with shallow traps. In 2003, Marinova et al. studied light-induced properties of Bi 12 TiO 20 :Ru and showed the influence of impurity concentrations on absorption and photo-induced absorption [12] . In 2002, Shandarov et al. [13] investigated experimentally the photo-induced absorption in Bi 12 TiO 20 :Ca and suggested a three-level model, which is a special case of the two-center model. The lifetime of the induced absorption was about several hours and depended on the temperature [14] . In 2005, they reported the photo-induced absorption in planar waveguides based on Bi 12 TiO 20 /Bi 12 SiO 20 and Bi 12 TiO 20 :Cu/Bi 12 SiO 20 crystals [15] . In 2007, we investigated the spectral characteristics of the photo-induced absorption in the pure Bi 12 TiO 20 using pulse lasers and calculated the energy of the absorption centers [16] . It should be noticed that photo-induced absorption in Bi 12 TiO 20 crystals was experimentally found already in the past and was described as the reason for the absorption grating [17, 18] .
Recently we have presented investigations of the longlived absorption that was photo-induced by high intensity pulsed-laser beams (2 MW/cm 2 pro 40 ns at 532 nm) in photorefractive Bi 12 TiO 20 crystals. We noticed that the absorption increased further up to 900 nm and explained this effect by the existence of long-lived levels in the forbidden band where the charges are collected after quick relaxation from the conducting band. Analyzing the relaxation times for different wavelengths, we found that it is possible to use the two-center model. There are primary two longlived centers (levels) with lifetimes of ca. 10 4 and 10 5 s which we have experimentally found. The photo-induced absorption has a hysteresis character which can be seen in the k 600 -k 800 diagram (k 600 and k 800 are the corresponding absorption coefficients at the wavelengths 600 and 800 nm, respectively) of the development of the absorption during excitation-relaxation processes [19] .
The present paper is the continuation of our investigation of the long-lived photo induced absorption in a Bi 12 TiO 20 crystal with a lifetime in the order of minutes. For a better understanding of the temporal behavior of the internal processes in the crystal, we are now using cw-laser radiation. We show experimental methods which give the opportunity to influence the behavior of induced absorption. These methods give the possibility to decrease the induced effect or, on the other hand, to stabilize it in Bi 12 TiO 20 crystals. A qualitative explanation of the underlying processes is given. The experimental dynamical characteristics and the recombination coefficients are estimated.
2 Photo-induced absorption in a BTO crystal generated by a cw-laser The light induced absorption was realized by a cw-laser at 514 nm (Ar + ) ( Fig. 1(a) ). Low intensity lasers at 532 nm (Nd:YAG) and 633 nm (He-Ne) with intensities up to 12 and 17 mW/cm 2 , respectively, were additionally used for controlling the photo-induced absorption. The average intensity of the laser radiation incident on the crystal during the exposition was 430 mW/cm 2 . The polarization of the laser light was located in the plane (100) and parallel to [011] . The absorption of the media was measured with a spectrophotometer based on a CCD line array with 2048 pixels.
Excitation of the photo-induced absorption in a BTO crystal by a cw-laser
In Figs. 2(a) and 2(b), the spectra of common and photoinduced absorption against the exposition energy are shown.
A cw-laser with a wavelength of 514 nm was used for inducing of absorption. The effect of the photo-induced absorption can be explained by long-lived centers with the energy levels in the forbidden band that are caused by impurities and defects in the bulk of the crystal [16] . These centers can be denoted as intermediate-level traps (IT) [2, 3, 19] . It was shown by Oberschmid [20] for bismuth oxides of the type Bi 12 MO 20 (where M = Ge, Si or Ti) that the incorrect occupation by Bi M is responsible for the light absorption in the region between 2.3 and 3.2 eV and causes the deep traps (DT). Investigations of Reyher et al. and Vogt et al. [21, 22] show that the nature of the IT is determined by a Bi 3+ ion associated with a hole, whereas the hole is mainly localized at the oxygen neighbors. As it was shown in [19] for an irradiation at 514 and 532 nm, the excitation of electrons basically takes place from DT to the conducting band (CB). If the charges are excited into the CB they can recombine back to the valence band (VB) and DT as well as to the long-lived IT. The charges of the long-lived levels can be excited again into the CB by photons with lower energy. A growth of the photo-induced absorption k PI is observed at wavelengths below 900 nm (Fig. 2(b) ). The photo-induced absorption k PI is Fig. 3 Influence of the cw-radiation with the low intensity 15 mW/cm 2 and wavelength 514 nm on changing of the photo-induced absorption of BTO. The absorption is generated by cw-radiation (430 mW/cm 2 at 514 nm) Fig. 4 An example for the temporal retardation of the relaxation at different stages by a cw-radiation with low intensity 12 mW/cm 2 at 532 nm in BTO. It demonstrates the dependence of the coefficient of absorption on the time of free relaxation and cw-radiation at 532 nm for the given wavelengths; during the free relaxation, the cw-radiation at 532 nm is switched on for 0-180 min., 970-1500 min., 2400-3000 min (there are three plateaus at the curves) connected with the excitation of charges from the IT to the CB.
Control of the photo-induced absorption in a BTO
crystal by low intensity cw-lasers
The relaxation of the photo-induced absorption can be slowed down using cw-radiation with low intensity (Figs. 3, 4) . If the photo-induced absorption is generated with an intensity of 430 mW/cm 2 at 514 nm, it is enough to use cw-radiation at the wavelengths 532 and 514 nm with low intensities (e.g., 12 and 15 mW/cm 2 , respectively) to stop the relaxation process (Fig. 3 ). In such a way, it is possi- ble to stop the relaxation at any stage. If one switches off the low cw-radiation, the relaxation process resumes (Fig. 4) . If the BTO crystal with the recently photo-induced absorption is exposed by a cw-radiation at 633 nm with low intensity (e.g., 17 mW/cm 2 ), the relaxation is accelerated. If one switches off the low cw-radiation of 633 nm, the relaxation process resumes with the evolution as without previous acceleration (Fig. 5) . One can calculate the exponential lifetime of the photo-induced absorption under stimulation of the relaxation (Fig. 5(b) ). Compared with the results from [19] for the unstimulated relaxation red light accelerates the relaxation approximately by a factor in the range of 10-100.
Low intensity cw-radiation of the wavelengths 514, 532, and 633 nm did not produce enough photo-induced absorption to be experimentally detected. Thus, one can use low intensity expositions at different wavelengths in order to control the photo-induced absorption.
Qualitatively, the mechanism of induced absorption can be explained by the scheme in Fig. 6 . The long-lived absorption is connected with a population of the IT. During relaxation of the crystal the number of absorption centers at the trap levels decreases with approximate lifetimes of 10 4 Fig. 6 Schematic illustration of the photo-induced absorption in BTO controlled by "green" and "red" radiations: (a) stopping of the relaxation by light at 532 nm, (b) speeding of the relaxation by light at 633 nm and 10 5 s [19] . This quantity can be kept invariable. Using low intensity exposition of "green" light, one transfers electrons from DT to IT. When the number of transferred electrons is equal to the number of relaxed ones from IT to VB or DT, then the absorption remains constant (Fig. 6(a) ). The induced absorption relaxation can be accelerated by low intensity "red" radiation. In this case, the radiation excites electrons from IT to CB with a following relaxation to the VB. Together with the normal relaxation this speeds up the decreasing of the absorption (Fig. 6(b) ).
According to the experimental results, one is able to write down the coupling equation for describing of the BTO dynamical characteristics, which is also schematically illustrated in Fig. 7 : are the corresponding concentrations of the ionized centers (ready to "receive" an electron) at the levels of the traps. S 1 , S 2a , S 2b are cross-sections of the light quantum absorption during excitation of the electrons from traps to CB. S i is a function of the light frequency S i (ω) and the depth of the level in the forbidden band. r i,j are the recombination coefficients from the upper level i to the lower j . β a,b and β b,a are the constants defining inner transitions coefficients between long-lived levels caused by thermal excitation, recombination, tunneling and etc. According to the initial spectrum of the absorption and especially low absorption in the longwave range, one may ignore thermal ionization between DT, IT and CB. Low long-wave absorption at the final spectrum means insignificant light induced transition of the electrons between the long-lived traps. I is the intensity of the homogenous and uniform light with the frequency ω measured in photon/m 2 s. As a result of the initial electric neutrality of the crystal we get
In such a way, the absorption coefficients of the light for the wavelengths 514 and 532 nm have the form: 
The corresponding photo-induced absorption is:
We now introduce the following parameters:
1. r 2,1 is the average recombination coefficient:
Physically it means a common probability of recombination of the electrons from IT to DT. 2. r 3,2 is the average recombination coefficient for recombination of the electrons from CB to IT:
S 2 is the average absorptions cross section for the IT:
After the summation of the (2) and (3) and considering (8)- (10) we can write (1)- (4) as follows:
A new parameter N 2 can be introduced now:
Physically N 2 describes the total concentration of charge carriers located at the IT levels.
As it was shown in the experiment (Fig. 3) , when one used a low intensity radiation from the wave range response for inducing of the long-lived absorption, relaxation stopped. This means that the system was in equilibrium.
Under this conditions (Fig. 3 ) the adiabatic approximation ∂N i ∂t = 0 can be used, and (11)-(13) take the from:
The characteristic recombination time of the electrons from the CB to the DT and VB is of the order of 10 ns [23] . On the other hand, the characteristic recombination time of the electrons from the IT to the DT and VB averages out to hours [19] . That is why:
and (15) takes the form:
Taking into account (17) and (19) , it yields:
and, from the correlation of (19) and (20), we get:
In other words,
where k 0 and k PI are the initial and the photo-induced absorption coefficients reached during the "relaxation stopping" experiment. R 3,1 and R 3,2 are the relaxation constants from CB to DT and IT, respectively. R 3,1 and R 3,2 are inverse parameters to the lifetimes of the electrons at the levels τ 3,1 and τ 3,2 . So, one finds the ratio between the electron recombination from CB to long-lived IT and DT. This ratio shows that the electrons ionized to the CB have a relaxation probability to the long-lived IT, which is 1.2 times lower than that to the DT for 532 nm (1.9 for 514 nm). Our conclusions may be disseminated to all the wavelengths of the range, which can induce the absorption. For wavelengths of the stimulation range one can present a dependence of the ratio (22) on the wavelength (Fig. 8) . According to the spectrum of the initial absorption ( Fig. 2(a) ), the stimulation range is to the left of the 580 nm. However, this border is changing and depends on the complex nature of the traps.
The dependence on the wavelength is the result of the broad long-lived energy level and of the various concentrations of the absorption centers therein.
According to this result and to our previous experimental investigations [19, 23] , one can estimate the dynamical characteristics of the levels (traps) ( Table 1 ) illustrated in Fig. 9 .
Conclusion
In conclusion, we exposed the BTO crystal with cw-laser beams (430 mW at 514 nm) and investigated the photoinduced absorption. We found that the absorption increased further in a range up to 850 nm, and we explained this effect by the existence of long-lived levels in the forbidden band where the charges are collected after quick relaxation from the conducting band. A method for controlling this absorption by low intensity laser radiation of "green" and "red" wavelengths was demonstrated. The "green" low intensity exposition (e.g., 12 and 15 mW/cm 2 at the wavelengths 532 and 514 nm, respectively) can retard the relaxation process, while the "red" low intensity exposition (e.g., 17 mW/cm 2 at 633 nm) can accelerate it by a factor of ten. However, low intensity cw-radiation does not induce absorption. The internal dynamic characteristics of band-to-band recombination were estimated on the base of the experimental results. For the crystal Bi 12 TiO 20 they are: τ ∼ 60 ns for CB-VB recombination, τ ∼ 50-300 ns for CB-IT recombination, τ ∼ 10 5 , 10 4 s for IT-VB/DT recombination.
